Two DNA fragments prepared from the transducing bacteriophage strains 080psulgj+ and 480hp-suIiI+-by digestion with restriction enzymes contain one tyrosine tRNA gene (sujjm+) and two tyrosine tRNA genes (suIjI+, su-) in tandem, respectively, a single promoter in both cases, and some additional DNA regions at the two ends of both. Using these fragments, we have studied characteristics of the promoter-dependent transcription of the tyrosine tRNA genes. The promoter-dependent transcripts were shown to correspond to the expected tRNA precursors. Exposure of the transcript from the single gene fragment to an S100 extract from Escherichia coli gave, via intermediates, 4S material which was active in enzymatically accepting tyrosine and contained some modified bases.
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The two tRNAITyr genes, which occur as a tandem duplication in Escherichia coli, have been integrated into the genome of the bacteriophage 480 to give the nondefective transducing phage 080hpsuiI+i-("doublet" phage). A second strain 080psuiIi+, carrying one functional tRNATyr gene ("singlet" phage) has been derived from the doublet phage by an unequal recombination event between homologous sequences such that one of the two tRNAiTyr genes (and any sequences between them) has been eliminated (1) . The tRNAiTyr genes in this form have proved useful for genetic and biochemical analysis of the various steps in tRNA biosynthesis (2) . Such studies have so far been carried out using the total 080psuiii+ DNA (3) (4) (5) which includes a variety of other promoters. More recently, using restriction endonucleases it has been possible to prepare DNA fragments from both the doublet and the singlet strains which carry intact tRNAlTyr genes (6) .
In the present work we show that transcription from these fragments is largely promoter-dependent, that the tRNATyr promoter has unusual properties, and that the transcription yields tRNA precursors which can be processed to active tRNA.
MATERIALS AND METHODS
Chemicals. Heparin and dinucleoside phosphates were purchased from Sigma Chemical Co. and rifampicin from Mann Research Laboratories. Nucleoside [a-32P]triphosphates were purchased from New England Nuclear, [y-32P]CTP was prepared by phosphorylation of CDP with [y-32P]ATP using nucleoside diphosphate kinase, and ['y-32P]GTP was prepared as described elsewhere (7) .
Restriction Fragments Cla and BlOa. These were isolated from the singlet phage (Cla, 410 X 10' daltons) and doublet phage (B10a, 560 X 103 daltons) by sequential digestions with endonucleases HincII and HindIII (6, 8) . The structural portion of the tRNA genes within these fragments is skewed in such a manner as to leave approximately 400 nucleotides upstream of the promoter region and approximately 50 base pairs beyond the terminal C-C-A of the structural tRNA sequence.
Enzymes. RNA polymerase (RNA nucleotidyltransferase, EC 2.7.7.6) was prepared essentially according to Burgess (9) with an additional purification step utilizing DNA-cellulose chromatography (10) . The enzyme was more than 95% pure as analyzed by sodium dodecyl sulfate gel electrophoresis. The a factor was separated from the holoenzyme by chromatography on phosphocellulose (9) . S100 Fraction from E. colh was prepared from the strain MRE 600 and was passed through a DEAE-cellulose column to remove tRNA.
RNA Synthesis. Gel Electrophoresis was carried out under denaturing conditions as described elsewhere (20) . For further analysis, the radioactive bands were eluted from the gel with 1 M NaCl, and after addition of carrier RNA the products were precipitated with 70% ethanol.
RESULTS

Transcription of the restriction fragment Cla
The kinetics and products of transcription were followed by polyacrylamide gel electrophoresis under denaturing conditions ( Fig. 1) . Ribonucleotide incorporation was linear for at least 2 hr and the proportions of different products remained constant throughout. As seen in Fig. 1A , in addition to the major product (indicated by arrow) a number of minor products of higher molecular weight were present. These results were obtained using the holoenzyme. In the next experiment, transcription was performed with the core RNA polymerase, in the presence and absence of sigma factor. As seen in Fig. 1B , a marked difference in the transcription products was observed. In the presence of the sigma factor (lane b), the major product again was the same as that obtained in Fig. 1A , while with the core enzyme different products were synthesized (lane a). Thus, the sigma factor directed the synthesis of the major product of Fig. 1A 10 ,l were withdrawn and analyzed on a 6% polyacrylamide gel after (a) 15 Characterization of the promoter-dependent transcripts from the singlet and doublet restriction fragments The major RNA product described above ( Fig. 1) corresponds to a length of about 175 nucleotides ( Fig. 2A, lane c) .
Analysis of the transcript by fingerprinting of a T, nuclease digest is given in Fig. SB . As described in the legend, all the oligonucleotides expected for the in vivo tyrosine tRNA precursor (11) are indeed present and, in addition, there are oligonucleotides which comprise an extra length of about 50 bases beyond the 3'-terminus of the above-mentioned precursor.
In vivo experiments (12) suggest that the tandem tRNAITyr genes are transcribed as a single precursor molecule.
The major product obtained from Bl0a in fact corresponded to a chain length of about 410 nucleotides ( Fig. 2A, lane d) . Fingerprinting of the T1 ribonuclease digestion products gave the pattern shown in Fig. SA . Oligonucleotides corresponding to the 41 nucleotides preceding the mature tRNA in the Altman-Smith precursor were again present, their amounts being 1 molar. All the oligonucleotides corresponding to the mature tyrosine tRNA sequence were present in 2 molar yields. Further, the oligonucleotides corresponding to the sequence beyond the C-C-A end and found above in the transcript from the Cla fragment were also present in this fingerprint but only in a 1 molar amount. In addition, a different large oligonucleotide present in 1 molar amount and representing the 3-end was also present. These results indicate that the sequence immediately after the C-C-A end of the first tRNAiTYr gene is different from that after the second tRNAITYr gene 1 Mil, (e) 3 til of S100 extract, and (f) tRNATYr marker. The incubation products were analyzed on a 6% polyacrylamide gel.
tRNAs are different from each other (cf. ref. 6 (16, 17) . In this study, preincubation of the reaction mixture even in the presence of the initiating triphosphate GTP did not result in resistance to heparin (20 ug 
, (A-C-U-Gp) and A2 (U-A-A-A-U-C-U-Gp). The suppressor tRNA in both fingerprints A and B was identified by the oligonucleotide B (A-C-U-C-U-A-A-A-U-C-U-Gp). The oligonucleotides C (fingerprint A and B) and D (fingerprint A)
are derived from the 3'-end regions of the two tRNAs. Since the RNA synthesis from Cla was primed-by C-C, the initiating nucleotide, pppGp, which is present in fingerprint A, was absent and was replaced by C-C-Gp. along with the remaining triphosphates). However, if the preincubation mixture also contained CTP, which corresponds to the second nucleotide of the tRNATYr precursor, so that the first inter-nucleotide bond could be formed, then the promoter-dependent transcription was resistant to both heparin and rifampicin. This sensitivity of promoter-dependent synthesis to rifampicin and heparin seems to be an unusual property of the tRNA1TYr promoter.
( (20) surrounding the normal transcription initiation point (Fig. 4) and tested for their capacity to stimulate promoter-dependent transcription ( Table 1 ). The only dinucleoside phosphate without effect was G-G. This is also the only dinucleoside phosphate with no corresponding template sequence in the immediate vicinity of the tRNAITyr gene initiation site. Of the other dinucleoside phosphates, C-C was the most active in stimulating initiation. The precise sites utilized by C-C and G-C were determined by analyzing the T1 digestion products of the transcripts made with [a-32P]CTP. G-C initiated in the proper position (Fig. 4) . Of the three potential sites for initiation by C-C (Fig. 4) , the site-i is preferred over site-2 by a factor of 10 and over site-3 by at least a factor of 100.
When C-C and GTP were present together at 500 ,uM each, the former was preferred over the latter for initiation by at least a factor of 10. Again, this was determined by T1 fingerprint analysis of the gel-purified transcript which showed that the oligonucleotide C-C-Gp was present in 2 mole equivalents (it is normally present in 1 mole equivalent in tRNAiTYr). Furthermore, pppGp could not be detected.
As expected from the findings of Anthony et al. (18) , increasing the concentration of GTP, the normal initiator for promoter-dependent transcription, stimulated the synthesis. However, high concentrations of CTP also caused comparable stimulation ( sponding to that of the promoter-dependent transcript. Digestion with T2 RNase followed by chromatography on PEI thin-layer chromatography plates showed the bulk of the radioactivity in an area expected for pppCp (mobility less than that of CTP). No radioactivity was found in the area of mononucleotides. These results showed that the radioactive label was due to the presence of [y-32P]CTP in the 5'-terminal position.
------------C-A-T-T-T-G-A T-A-T-G-A-T-G C-G-C-C-C-C-G-C-T-T-C-C-C-G-A-T --(3') (3') ------------G-T-A-A-A-C-T A-T-A-C-T-A-C, G-C-G-G-G-G-C-G-A-A-G-G-G-C-T-A _--(51)
Processing of the transcript to functional tyrosine tRNA Several laboratories have shown that the S100 fraction of an E. coli extract contains all of the enzymatic activities necessary to process the tRNA transcripts (21) and to produce a functional tRNA (3, 4) . In the present system, it should be possible to directly follow the steps in the processing of the primary transcript. Fig. 2B shows the consequences of incubating the transcript from the Cla restriction fragment with various concentrations of the S100 fraction. Under these conditions three bands which are precursors to the mature tRNA are seen in the region of the gel between the initial transcript and the final 4S product. These intermediates arise by specific endonucleolytic cleavages of the initial transcripts (22, 23 
DISCUSSION
The present study has demonstrated the usefulness of DNA fragments containing only one or two genes controlled by a single promoter in a definitive in vitro study of the promoter-dependent transcription. The following features of transcription products are noteworthy: (1) The singlet gene is transcribed to give mainly a precursor molecule which can be processed to 4S tyrosine acceptor tRNA. (2) The two tRNA genes in the doublet are also transcribed as a single product with the first of the two genes specifying the suit,+ tRNA. (3) The distance between the two mature tRNA sequences in the primary doublet transcript is about 150 nucleotides. (4) The sequence preceding the mature tyrosine tRNA sequence in the second tRNA gene is very different from the known sequence of 41 nucleotides which precedes the mature tRNAITYr sequence in the first gene. (5) Similarly, the sequences which immediately follow the C-C-A termini are different in the two tRNA1TYr genes. (6) Finally, neither the singlet nor the doublet fragments yielded termination of transcription close to the C-C-A terminus with or without the addition of rho factor (24) . This could be due either to the absence of the necessary termination sequences on these fragments or the absence of a necessary termination factor. Partial processing of the transcripts with the E. coli S100 extract indicated a cleavage at six nucleotides beyond the terminal C-C-A (data not shown) and within a sequence which is capable of forming a 12-base hairpin structure (25 (27) which is postulated to occur at the site of the DNA-enzyme complex prior to initiation (for recent reviews, see refs. 28 and 29) . This region in the tRNAITYr gene is composed entirely of G-C base pairs (Fig. 4) . The unusual properties of the tRNAITYr promoter reported here, namely the pronounced inhibition by low concentrations of KC1, the sensitivity of the binary complex to heparin, and the absence of any rifampicin-resistant complexes may all be due to the unusual base composition at the above site.
Although biological transcription of the tRNAjTYr gene begins with the sequence pppG-C-U---, the present experiments with dinucleoside phosphate primers show that there is a region of three to four nucleotides where initiation can occur (Fig. 4) . In fact it was interesting that C-C was more efficient than G-C in initiating transcription. This could be due either to a general preference by polymerase for C-C or to a position effect within the promoter region. The nucleotide 10 from the center of the common hepta-nucleotide region seems to be the most favored as a starting point, and it may be significant that this is one full turn of the DNA helix. Further, it seems clear from our results ( Table 2 and text) that with sufficiently high concentrations of CTP initiation can occur with this pyrimidine triphosphate in place of the normal purine triphosphate (GTP). Finally, the experiments reported on the primary transcript from the singlet fragment showed (1) that it can be fully processed to a 4S tRNA which is capable of accepting tyrosine and (2) that it can undergo base modifications. Clearly, the present system provides unique opportunities for detailed studies of various aspects of tRNA biosynthesis.
